The information on auxiliary characteristics helps significantly in increasing the efficiency of control charts for detecting shifts in process parameters. In this study we proposed Shewhart type control charts, namely the r A chart, the (1984) and Wade and Woodall (1993). It has been observed that the proposed charts perform superior, in terms of discriminatory power, as compared to the above mentioned counterparts, depending upon the correlation structure among the auxiliary characteristics and the quality characteristic of interest. The said superiority zone of the correlation structures, favoring the proposed charts, needs to be identified very carefully to apply it in a given situation.
INTRODUCTION
A process is generally described by its characteristics and out of these some are of main concern and others are of a supplementary nature. The characteristics of main concern are termed as quality characteristics of interest while the other characteristics are termed as auxiliary characteristics. The auxiliary characteristics need to be identified very carefully along with the characteristics of interest. An auxiliary characteristic may be an early measurement in a process, crude but simple to obtain measurement, a property that would be monitored etc. The quality characteristic of interest may be any current variable of major interest which needs to be monitored for example, weight of a machine component, diameter of a shaft, spinning speed of wheel etc.
It is a common practice to take benefit out of the information available on auxiliary variable(s), along with the main study variable(s) of interest, in order to improve the efficiency in statistical terms. There is a variety of literature available in this regard for example, Kiregyera (1984) , Mukerjee et al. (1987) , Singh (2001) , Singh et al. (2004) , Kadilar and Cingi (2005) , Joarder (2009) , (2011) and Omar and Joarder (2011) . This idea of using information on some additional characteristic(s) (for example, auxiliary characteristic(s)) which are associated with the main quality characteristic of interest has also been used in quality control literature. Particularly in control charting methodology, it has been used in the form of cause-selecting and regression-adjusted control charts (for example, Mandel (1969) ; Zhang (1984) ; Hawkins (1991 Hawkins ( , 1993 ; Wade and Woodall (1993) ; Shu et al. (2005) and auxiliary information based control charts *Corresponding author. E-mail: sabb025@aucklanduni.ac.nz, saddamabbasi@yahoo.com.
(for example, Riaz (2008a, b) ; Riaz and Does (2009) ) for the sake of an improved process monitoring with respect to the quality characteristic of interest. Riaz (2008a) proposed a location control chart, namely the r M chart, in which he used the information of single auxiliary characteristic on regression pattern. Riaz (2008b) and Riaz and Does (2009) gave proposals for variability control charts based on a single auxiliary characteristic in which they used the auxiliary informationon regression and ratio patterns respectively. There may be many real situations when more than one auxiliary characteristics are available to be used e.g. to monitor the inner diameter of a shaft its outer diameter and weight may be the two possible auxiliary characteristics. For the sake of simplicity we assume that there are two auxiliary characteristics available along with the quality characteristics of interest.
The rest of this article is organized as follows: The design structure of the proposed charts, performance evaluation measures and a comparison of the proposed charts with the usual Shewhart Y chart and the r M chart of Riaz (2008a) , the steps for using the proposed chart with help of simulated examples and finally, the paper ends with conclusions.
THE PROPOSED CHARTS
Suppose that the quality characteristic of interest is denoted by Y and the two auxiliary characteristics by X and Z . We write these three variables of this study in the form of a triplet as 
The ratio type estimator proposed by Abu-Dayyeh et al. (2003) , defined as:
The ratio type estimator proposed by Kadilar and Cingi (2003) , defined as: 
The population means of the two auxiliary characteristics that is, 
Some distributional results
A general control chart structure that can be used with any of the three estimators will develop here. First we define a pivotal quantity G , which is based on the sample statistic, say T, given as: 
Control chart design
Based on the results given above, we are now in a position to define the design structure of a general control chart namely the r T Chart. From the expressions given in (4) and (5) above, we have the following:  are given in (6).
Probability Limits
, and s are given in (6). Here  is a pre-specified false alarm rate which is equally divided on both the tails to define the probability limits.
In probability limits approach it is preferable to replace the CL by ML as we did in (8). The control limits given in (7) and (8) 
PERFORMANCE EVALUATION AND COMPARISONS
To evaluate the performance of a control chart discriminatory power is a very popular measure. We evaluate here the performance of our proposed control charts using the same performance measure. Let the in control value of 
Now the ability of the three sigma and the probability limits based design structures of the proposed charts is given by the following power expressions: Zhang (1984) ; Wade and Woodall (1993) Zhang (1984) proposed an improvement over the separate use of the usual Shewhart's Y charts. Later Wade and Woodall (1993) gave an improvement over Zhang (1984) by proposing their prediction limits. Riaz (2008a) proved superiority of the r M chart over the control limits of Zhang (1984) ; Wade and Woodall (1993) . We have shown from above that the charts proposed in this study perform better than the r M chart. Hence we can indirectly draw the conclusion that the proposed , rr ADand r K charts will perform better than the control limits of Zhang (1984) ; Wade and Woodall (1993) .
ILLUSTRATIVE EXAMPLES
In this section we will illustrate the application procedure for one of the three proposed charts that is, the Figure 11 . Similarly the out-of-control signals are received at time point's #21 to 30 as can be seen in Figure 12 (which is infact a permanent shift in the location parameter y  ).
Conclusions
In this study we proposed three Shewhart type control charts, namely the r A chart, the r D chart and the r K chart. These charts exploit the information of two auxiliary characteristics for the sake of an improved monitoring of the location parameter of the quality characteristic of interest. The design structure of the proposed charts has been developed in the form of the three sigma and the probability limits based on trivariate normality assumption. Comparison of the proposals has been made with the existing counterparts including the usual Y chart and the proposals of Zhang (1984) ; Wade and Woodall (1993) ; Riaz (2008a) . The comparisons revealed that the r D chart is best among all the charts investigated in this study. All the new proposals outperformed the said existing counterparts in terms of discriminatory power. This superiority of the proposed chart demands the auxiliary characteristics to be highly/moderately correlated with the main quality characteristic of interest but not having high correlations with each other. The proposals of this article are of Shewhart type, focusing on an improved monitoring of the location parameter. However EWMA and CUSUM type structures can also be devised by using these location estimators, for efficient detection of small deviations from the parameter value or alternatively some extra sensitizing rules can also be carefully planned to be used with its control structure. 
